A method is described whereby pH and Eh of a medium can be closely controlled during the growth of Clostridium wekhii type A for long enough to study the bacteriostatic effects of horse antiserum. The pH value was controlled manually to about +O*Ol unit (s.D.), by adjustments in the CO, tension of the gas above the medium. The Eh was controlled by the addition of oxygen to a system with an inherent tendency to become reduced. With manual control the Eh was maintained within Ifr 2 mV ( s.D.); automatic control gave better regulation than this.
INTRODUCTION

Specific antiserum inhibits the growth of Clostridium welchii type A in vitro
provided that the medium has a suitable pH and Eh (Bullen & Dobson, 1962 , 1963 ; Bullen, Dobson & Wilson, 1964) . The study of this property of serum required an apparatus which would allow the Eh and pH of a medium to be set at predetermined values and then closely controlled for long enough for an effect on bacterial growth to show itself. The apparatus described here gave a better reproducibility and closer control of Eh and pH than had previously been attained.
Knight (1930, 1981) described an apparatus for maintaining a low oxygen tension in the gas phase above the medium. This method was intended for Eh control of a medium before the germination of spores of Clostridium tetani (Knight & Fildes, 1930) . Vennesland & Hanke (1940) extended its use to growing cultures of Bacteraides vulgatus, but they did not attempt pH control. Hanke & Katz (1943) , in a study of the growth of C. sporogms, used an electrolytic method for controlling the Eh to within 10-20 mV and the addition of alkali for pH control to within 0.2 unit. The electrolytic method was not used in later work partly because of the large pH changes induced by electrolysis, and partly because it was suspected that the products of electrolysis were toxic. Hanke & Bailey (1945), in a study of several species of Clostridium, preferred the original method of Knight for controlling the Eh, but it is not clear how closely the Eh and pH were controlled. The authors considered that their results were consistent with an error of 10 mV with respect to Eh.
The apparatus we have used controls the pH value of a medium containing bicarbonate by the continuous control of the carbon dioxide tension in the gas above the liquid. The Eh is controlled by the intermittent addition of oxygen to offset a drift towards reducing conditions which is inherent in the medium used. buffer pH 6.85 used as a secondary standard was prepared by autoclaving 0.5 M -N~P P O , , 0.5 M-K€€,PO, in small bottles. This was diluted 1 in 20 with sterile distilled water before use. For standardizing the Eh electrodes, phthalate buffer saturated with quinhydrone was used a t 37", E h = +443 mV.
Culture vessel. The glass culture vessel consisted of an inner horizontal cylinder surrounded by an outer jacket through which water a t 37.0 & 0 . 1 ' was circulated. The total volume of medium was 70 ml., leaving a gas space of 30 ml. (Fig. 1) . As sunlight appeared to abolish the inhibitory effect of serum on bacterial growth in the presence of redox dyes, light was excluded by shrouding the vessel with a rubber and velvet jacket, and manipulating it within a large dark box. The medium was stirred magnetically.
A glass electrode, four platinum electrodes and a 8.5 M-KCl agar bridge in polyvinyl chloride tubing passed through gas-tight seals into the medium. Provision was made for passing gas over the surface of the medium or through it. A tuberculin syringe was used to remove samples of medium through a three-way tap without admitting air.
Electrodes. The 8.5 M-KC~ calomel reference electrode and buffer solutions were kept in the water bath at 87-0 & 0.1'. The shielded glass electrode (G.G. 83, Electronic Instruments, Ltd, Richmond, Surrey) was also kept at the same temperature as this appeared to improve its stability. The electrode was sterilized by standing overnight in '20 vol.' H,O,, rinsed with sterile distilled water and standardized with sterile phosphate buffer before immersion in the medium. At the end of each experiment the drift was checked with phosphate buffer and the electrode system accurately calibrated with phthalate and borate buffers. Even after discarding electrodes with more erratic readings, the drift over a 5-8 hr incubation period varied considerably between individual electrodes. Thus in 42 experiments with three electrodes, the mean drift, disregarding the sign was 0-006 pH unit. Three less satisfactory electrodes had an average drift of 0-024 unit in 16 experiments.
However, the error due to drift was decreased to about 0.01 pH unit by calibration of the electrode during the experiment. When the electrode was removed from the vessel, the admission of air was prevented by increasing the flow of gas.
The Eh electrodes were made by fusing 26 S.W.G. platinum wire to give a sphere 1 mm. diameter at the end. This was sealed in soda glass tubing leaving only the sphere projecting. In earlier experiments with a spiral of wire as the electrode there was a tendency for aggregation of the organisms around the spiral when growth in the presence of serum was heavy; the small spherical electrodes appeared to circumvent this difficulty. Eh electrodes were cleaned in hot chromic acid, sterilized in steam, and standardized after each experiment. The KC1 agar bridge, sealed with clips, was sterilized by boiling in distilled water.
Poising. Electrodes immersed in unpoised allantoic fluid differed by 50 mV or more. It is conceivable that the disagreement between electrodes commonly found in an unpoised situation reflects the absence of a unique Eh, as electron transfer reactions can be very slow and an homogeneous mixture of redox systems does not possess a unique Eh until equilibrium between them has been reached. To avoid this difficulty it was decided to work only in a situation where three &-electrodes agreed to within 1 mV. For this criterion to be satisfied it was necessary to work near the Eg of a suitable poising agent. The poising agents (British Drug Houses Ltd) were used at 30 or 60 ,UM concentration for the following approximate Eh: thionine, +60 mV; methylene blue, 0 mV; indigo carmine, -140 mV; l-naphthol-2-sodium sulphonate-indo-8',5'-dichlorophenol, + 60 mV. In a well-poised medium the electrodes generally agreed to within 0-2 mV.
Electrical apparutus. Electrode potentials were measured with a Vibron electrometer (Electronic Instruments Ltd., Richmond, Surrey) which had a sensitivity of 0-1 mV on the lowest voltage range. The full sensitivity of the electrometer was exploited by using a backing-off unit which could switch a potential of f 500-0 mV in steps of 50mV in series with the calomel electrode. The backing-off voltage S I -2 could be standardized by a comparison with a Weston cadmium cell with the electrometer as a null point detector. The backing-off unit also had a switch which allowed a choice of input from either the glass electrode or an Eh electrode with suitable precautions for maintaining the high impedance input characteristics of the electrometer.
The output of the electrometer was monitored by a 0-10mV potentiometer recorder, accurate to 0.1 mV (George Kent Ltd, Luton, Beds.; 6 point Multelec run as a single channel recorder) which sensed the output every 2 sec. and printed 18 times in 10 min. For automatic Eh control a 4 in. diameter cam was fitted to the robust potentiometer movement. This cam could be preset to operate a microswitch between a reading of 2.5 and 7-5 mV so that when the reading was between 0 and the preset voltage, the switch was open, and when between the preset voltage and 10 mV, the switch was closed. The differential of the switch was 0.1 mV.
The Eh controller, which was actuated by the closing of the microswitch in the recorder, consisted of a switching device with suitable delays and a power supply to operate a magnetic valve (Radiometer, Copenhagen).
p H control. The pH value of the medium was controlled by adjusting the tension of CO, in the gas passing over the medium by mixing different proportions of 5 yo (v/v) C0,+95 % (v/v) N, with either N,, or 25 % (v/v) co,+75 yo (vlv) N,. This usually required altering only once or twice during the course of an experiment once it was correctly set. Gas from each cylinder passed through a pressure reduction valve, a needle valve and a flowmeter. After mixing, the gases passed over copper heated in an electric furnace, then either to waste through a needle valve, or over the medium through a sterile cotton-wool plug. An alternative path through the medium was provided for rapid initial pH adjustment. Gas left the culture vessel through a wide bore needle and was bubbled through 2 cm. water. The gas flow through the vessel was normally about 80 ml./min. but could be increased to about 500 ml./min. whenever the incubation chamber was unsealed, e.g. for inoculation. E, control. The medium was reduced to the desired Eh by adding from a micrometer syringe burette freshly made 5 % (w/v) Na,S,O, solution. After a rapid initial fall, a slow secondary downward drift of Eh occurred. The Eh was controlled manually by the cautious addition of air bubbles through the sampling tap so that the downward drift was arrested. The automatic control of the Eh was developed initially to cope with the inconveniently frequent additions of oxygen necessary to maintain control when working more than 20 mV away from the Eg of a redox dye.
The controller (Fig. 2 ) operated when the Eh drifted below a value preset within the recorder. S 7 in the recorder applied the mains voltage to the controller motor. When the motor started, the cam A closed S4, locking the mains supply onto the motor for 1 revolution. Then cam B closed S5, energizing the magnetic valve until the same cam opened 8 6 . When the magnetic valve was operated, expired air from a football bladder passed a t about 20 ml./min. into the stream of gas passing over the surface of the medium. One minute after the cycle started, S4 opened. If the addition of oxygen had raised the Eh so that 57 was now an open circuit, the motor stopped; but if S7 was still closed another switching cycle was begun. The duration of the addition of air during the cycle could be varied continuously from 0-20 sec. by rotating S6 in an arc about the motor spindle. Usually it was adjusted below 3 sec. so that the maximum mean flow was insufficient to disturb the pH by altering the CO, tension appreciably.
Further information on the organisms, sera and experimental procedure are given by Bullen et al. (1964) . 
RESULTS
Similar control was observed with the three media used. Good agreement between readings with different Eh electrodes was noted with thionine and methylene blue as poising agents in the presence or absence of antiserum. With indigo carmine, agreement was good in the presence of antiserum, but not in its absence. This was not serious, as a little uncertainty could be tolerated about conditions during growth in the absence of antiserum a t low Eh. With 1-naphthol-%sodium sulphonate-indo-3',5'-dichlorophenol, however, good agreement was obtained in the absence of antiserum but not in its presence. It appeared that an interaction of a redox dye with antiserum might affect its poising properties.
Control of Eh was lost when the organisms in the medium grew beyond a concentration of about 106/ml. Starting from an initial population of 4x1O3/m1. control was usually possible for at least 3 hr of normal growth. Since antiserum started to inhibit growth after about 2 hr, there was sufficient latitude to allow the inhibition to be studied. Control of pH value could be maintained until much higher numbers of organisms were present.
Some caution may be necessary in using large amounts of air to keep a high Eh when bacteria are present in large numbers. In one experiment in the absence of antiserum when control was prolonged by about 30 min. by injecting large amounts of air with the automatic controller, the readings with different En electrodes started to disagree. Soon after control was abandoned, a temporary inhibition of growth was observed. Since evaluation of the results was possible only when the E h was controlled, the A. DOBSON AND J. J. BULLEN conditions for each experiment are described by the mean En taken every 15 mb., together with the standard deviation from this mean and the period this control was maintained. Readings of pH value taken over the same time are expressed similarly.
In 30 arbitrarily selected experiments controlled from 3 to 8 hr with manual Eh control, the difference between the intended and observed mean Eh, disregarding the sign, averaged 1.0 mV (maximum 2.0 mV). The mean of the standard deviations of E h was & 2.0 mV (range 0*33.6 mV). The mean difference between the intended and observed pH value, disregarding the sign, was 0.009 (maximum 0.019). The mean of the standard deviation of pH value was 0-007 (range 0*002-0*014).
Experience with the automatic Eh controller was more limited, but it clesrly gave closer and more convenient Eh control than the manual method under the same circumstances. For example, in two experiments the Eh stayed within ranges of 1.4 and 0.8 mV, respectively, over a period of 5 hr. Preliminary experiments indicate that satisfactory Eh control is possible 50 mV from the E; of a poising agent, where manual control would be either too laborious or too wide. Doubtless a systematic exploitation of its full capability of controlling the Eh would give a closer control, but further improvement would not be justified without a corresponding improvement in pH control. The limitation in this respect is probably the stability of the glass electrode.
